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Abstract

In this paper we present a kinematic method for 6-degree-of-freedom manipulation of
rigid objects using a dextrous robotic hand. Our method requires no prior models of the
objects being manipulated, instead it obtains all the information needed directly from the
hand’s sensors. Its low computational cost makes real-time performance easy to achieve.

We present experimental results showing the implementation of our method using the
Utah/MIT dextrous hand. We also show that adding a Cartesian controller significantly
improves the accuracy of the manipulation.

This material is based upon work supported by ONR grant N00014-93-1-0221 and NSF IIP Grant CDA-
94-01142
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1 Introduction

In recent years, dextrous robotic manipulators such as the Salisbury hand [Salisbury, 1982]
and the Utah/MIT hand [Jacobsen, 1984; Jacobsen et al., 1986] have become increasingly
available in research environments. Dextrous hands offer several advantages over conven-
tional grippers. They provide a large degree of versatility for fine motions. They facilitate
the partition of manipulation tasks into gross and fine manipulation, where a robot arm per-
forms gross positioning and the hand handles fine manipulation. They allow better control
of gripping forces. Their large number of joints allows them to adapt well to many different
shapes, enabling them to grasp a wider variety of objects than conventional grippers.

In spite of the potential advantages of dextrous manipulators, programming them to
perform useful tasks has proven to be a very challenging task. Their relative inaccuracy
and the high-dimensionality of their parameter space make this difficult.

Most research on dextrous manipulation has focused on theoretical analyses of grasping
and manipulation tasks assuming an idealized, well-controlled hand and complete models
of the objects being manipulated. Following this line of research, a great deal of progress
has been made in understanding the nature of the interactions of objects and multiple
cooperating robots (see e.g. [Cutkosky, 1985; Mason and Salisbury, 1985; Murray et al.,
1994]).

Although the mechanics of manipulation are well-understood, relatively few experimen-
tal systems for dextrous manipulation have been implemented to date, and most of these
systems either have been hardwired for a specific application or strongly relied on prior ob-
ject models, which made their applicability in dynamic and unknown environments difficult.
Michelman and Allen [Michelman and Allen, 1993; Michelman and Allen, 1994], presented
a method based on hybrid control for dextrous manipulation using the Utah/MIT hand.
The system was shown to work for several manipulation tasks, such as removing the top of
a child-proof medicine bottle, using a limited amount of prior information about the object.
A major difficulty was the unreliability of force sensing. Speeter [Speeter, 1991] proposed
motor primitives for the Utah/MIT hand. Motor primitives are sequences of joint position
changes encoding a small functional motion of the hand. Although motor primitives could
be combined and generalized to some extent, the fact that they were specific to a particular
object made the development of a reasonably useful set of primitives cumbersome.

We propose a non-model-based approach to dextrous manipulation. Our method does
not require any prior information about the object; all the required information can be read
directly from the hand’s sensors. The method allows arbitrary (within the robot’s physical
limits) translations and rotations of the object being grasped. We rely on the compliance of
the Utah/MIT hand to maintain a stable grasp during manipulation, instead of attempting
to compute analytically the required forces.

The organization of the remainder of this paper is as follows. Section 2 describes our
dextrous manipulation method. Section 3 presents experimental results showing a quanti-
tative evaluation of the precision that can achieved with the method, and noting it can be
further improved using a higher-level controller. Section 4 presents conclusions and briefly
describes some present and future work.
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Figure 1: The contact tetrahedron (a) and the grasp tetrahedron (b).

2 A Non-Model-Based Dextrous Manipulation Strategy

We assume that prior to manipulation the object has been stably grasped. The basic
idea of our technique is based on the observation that the commanded fingertip positions or
setpoints define a rigid object in three-dimensional space, in this case a (possibly degenerate)
tetrahedron. We refer to this object as the grasp tetrahedron. The contact points of the
fingers on the object define another object that we refer to as the contact tetrahedron.
Because of the compliant control system, we can model the statics of the situation by
regarding each vertex of the contact tetrahedron as being attached to the corresponding
vertex of the grasp tetrahedron by a virtual spring. In the case of an object free to move, net
wrench is constrained to be zero. Moreover, for a well conditioned grasp, the wrench zero
coincides with a deep local minimum of the spring energy function on a manifold defined by
the rigid displacements of the grasp tetrahedron with respect to the contact tetrahedron.
This means that if we treat the fingertip contacts as fixed points on the object, then the
object can be rotated and translated by executing the desired rigid transformation on the
grasp tetrahedron. In other words, displace the grasp tetrahedron and the object will
follow. Although. due to non-zero finger size and other effects, the assumption of fixed
contact points i~ not strictly correct, our experimental results show that the compliance of
the Utah/AIT hand compensates for the errors introduced by the use of this assumption.
Somewhat similar approaches have been suggested in [Okada, 1982] and [Salisbury et al.,

1989].

In more detail. the formulation is as follows. Let ¥pg, #py, ¥ p, and Hpa be the fingertip
to object contact points, where Hp. denotes that p; is being measured with respect to a
hand-centered reference frame H. Let fqq,7q1,F g, and Hg, be the commanded finger-
tip positions or setpoints. The tetrahedron Hypo Hpy HpyHps is the contact tetrahedron.
Hao, Hqy, Hagy gy is the grasp tetrahedron. The contact and grasp tetrahedra for a sample
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Figure 2: The hand-centered reference frame H and the object-centered reference frame C

grasp are shown in figure 1. If the object is stably grasped, the grasp tetrahedron will gener-
ally be completely contained in the contact tetrahedron. The locations of the grasp and the
contact tetrahedra can be obtained respectively from the measurements of the commanded
and actual joint angles and the forward kinematics of the hand.

As noted above, the force applied to the object at any of the contact points is ap-
proximately proportional to the difference between the fingertip’s commanded and actual
positions. If the fingertip positions with respect to the object remain constant, we can apply
arbitrary rotations and translations to the object while keeping a constant force applied in
every contact point by just rotating and translating the grasp tetrahedron. Formally, we
describe the situation as follows.

Let #¢ = [c;, ¢y, c.]7 be the coordinates of the centroid of the grasp tetrahedron with
respect to frame H. We define an object-centered frame of reference C, with its axes parallel
to H’s and with origin at ¢, as shown in figure 2.

Given the manipulation command (z,y, z, @, 3,7), where z, y and z represent displace-
ments of the object with respect to its initial position and «, 3, v are interpreted as sequential

rotations around the z, y and z axes of C, the resulting setpoints ¢, ..., ¢5 are given by:
!
Qi . Qiz — Cx
‘Iz/‘y -7 Giy — Cy
=T({z,y, 2«
0 (z,y, 2,2, 8,7)) G — c.
1 1



Figure 3: Translation along the z axis

Where T({(z,y, z, o, 3,7)) is given by:

cacfl casfsy — sacy casfcy+sasy T+ ¢

sacf sasfsy+ cacy sasfey —casy y+cy

—sf cfsy cfcy z+c,
0 0 0 1

T =

3 Experimental Results

The algorithm described in the previous section was implemented on the Utah/MIT hand, a
16 degree-of-freedom four-fingered dextrous manipulator. Each joint of the hand is actuated
by a pair of pneumatically-driven antagonist tendons. This results in a compliant response,
but it also makes reliable and consistent positioning difficult to achieve due to hysteresis
and friction effects.

Figures 3 to 8 show the hand manipulating a wooden block. The images show transla-
tions along and rotations about the three main axes. Although we only show the results of
translations and rotations orthogonal to the main axes, translations and rotations can be
performed with respect to any arbitrary axis.

lwe use cf and sf as shorthand for cos(8) and sin(f), respectively
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Translation along the y axi

Figure 4
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Translation along the z axi

Figure 5
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Rotation about the z ax

Figure 6
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Rotation about the y ax

Figure 7



Figure 8: Rotation about the z axis

3.1 Performance Evaluation

We evaluated the precision obtained by comparing the commanded and an estimated posi-
tion and orientation of the object during a manipulation sequence. To estimate the actual
configuration of the object we define an object-centered reference frame D from which we
can later obtain the estimated (z,y, 2, a, §,7) values. Let po,...,ps be the coordinates of
the fingertips, obtained from the sensed joint angles and the forward kinematics of the hand.
Let d be the centroid of the tetrahedron formed by po,...,ps. Let v;; denote the vector
joining p; and p;. Then HT is given by:

V02 Vo2 XV31 X2 Vg2 X3t
gT: [vo2]  |vo2xwa1 Xwoz| o2 Xw3p]

That is, the origin of D is the centroid of the contact tetrahedron, the z-axis is parallel to
the line joining the fingertips of the thumb and the index finger, the z-axis is perpendicular
to the z-axis and to the line joining the fingertips of the index and ring fingers, and the
y-axis is perpendicular to the z and z axes.

From #T we get the estimated position and orientation as follows:

H H H
T =pTa—ce,y=pTos—cy,2=pT34 — ¢,

[ = Atan?(—ngh \/M)’

o = Atan2(E T4/ cos 8, ET11/ cos ),
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and estimated errors during a manipulation sequence.
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X — B ks ks + Kas Hand
= <X,}',Z,(1,B,’Y>

Position

Estimation

Figure 10: Control system

v = Atan2(BTsq/ cos B, BTs3/ cos B),

Figure 9 shows a comparison of the estimated and commanded positions in a manipula-
tion sequence using our strategy. The sequence of movements consisted of rotations of 35,
-70 and 35 degrees about the z axes, 23 and -46 and 23 degrees about the y axes, and 45,
-90 and 45 degrees about the z axis, followed by translations of 20, -40 and 20 millimeters
along the r axes, 28, -56 and 28 millimeters along the y axis, and 13, -26 and 13 millimeters
along the z axis. These ranges we determined to fall within the physical limit of the hand.
For the sequences shown in figure 9, the root-mean-squared error was 3.63 mm for rotations
and 6.72 degrees for translations. It can be seen that although the Utah/MIT hand is a
relatively imprecise and difficult to control manipulator, due to hysteresis and friction, a
fairly good degree of precision can be achieved. In the next subsection we will discuss how
we can improve upon this precision by adding a higher-level Cartesian controller.

3.2 Addition of a Cartesian Controller

At the lowest level, each joint in the Utah/MIT hand is controlled using a standard PD
controller. In principle the joint errors can be reduced by increasing the gains in these
controllers. However, this would also result in a decrease in compliance

A way to reduce position errors while maintaining compliance is to implement a higher-
level C'artesian controller to correct errors directly in the 6-dimensional position-orientation
space. The estimated errors in (z,y, 2, , B,7) were fed to a Cartesian PID controller, as
shown in figure 10. In the actual implementation we substituted summations for integrals
and first differences for derivatives. We performed the same manipulation sequence as in the
previous subsection. The resulting improvement in performance is shown in figure 11. For
this kind of control, the root-mean-squared errors were reduced to 1.1 mm in positioning
and 1.99 degrees in orientation during the sequence.

4 Conclusions and Future Work

We have presented experimental results demonstrating the efficacy of a purely kinematic
technique for dextrous manipulation with the Utah/MIT hand. Although the Utah/MIT



Position (mm}

Oriantation (degreas)

0 200 400 600 800 1000 1200 J 200 400 600 800 1000 1200

3

Position (mm)
o

Orientation (dogroes)

!
3

20 a0 1
) 200 400 600 800 1000 1200 o 200 400 €00 500 1000 1200
t
20| 40

B

Position (mem)
°

Orientation (degrees)

%

-20) 0

[} 200 400 G?U 800 1000 1200 o 200 400 5(‘)D 800 1000 1200
Absolute position errors Absolute orientation errors
9| 18|
8| 16
7 14
— 6| 12]
L i
3 6|
2| 4
! o
o 200 400 600 800 1000 1200 [ 200 400 600 800 1000 1200

Figure 11: Commanded (dotted lines) and estimated (solid lines) positions and orientations,
and estimated errors during a manipulation sequence. ‘

10



hand is very difficult to control due to the high dimensionality of its parameter space and
the non-rigid nature of its actuators, we have shown that fairly precise manipulation can
be performed. We also showed that the addition of a Cartesian controller further improves
the precision of the manipulation.

In contrast to most previous approaches to dextrous manipulation, our method is com-
pletely model-free, a crucial feature for use in dynamic and unknown environments. The
relative low computational cost it requires makes it easy to implement in real-time.

Current and future work includes the application of this method to telemanipulation,
where instead of attempting to map the configuration of the teleoperator’s hand directly to
the robotic hand, the teleoperator uses a polhemus or similar device to command transla-
tions and rotations of the object. We are also working on the combination of this dextrous
manipulation technique with non-calibrated visual servoing to perform high-precision as-
sembly tasks.

11



References

[Cutkosky, 1985] M. R. Cutkosky, Robotic Grasping and Fine Manipulation, -Kluwer Aca-
demic Publishers, 1985.

[Fuentes and Nelson, 1994] Olac Fuentes and Randal C. Nelson, “Morphing Hands and
Virtual Tools (or What Good is an Extra Degree of Freedom?),” Technical Report 551,
Computer Science Department, University of Rochester, Rochester, New York, December

1994.

[Jacobsen et al., 1986] S. Jacobsen, E. Iversen, D. Knutti, R. Johnson, and K. Bigger, “De-
sign of the Utah/MIT Dextrous Hand,” in Proceedings of the 1986 IEEE International
Conference on Robotics and Automation, pages 96-102, 1986.

[Jacobsen, 1984] Steve C. Jacobsen, “The Utah/MIT hand: Work in Progress,” IEEE
Journal of Robotics and Automation, 3(4), 1984.

[Mason and Salisbury, 1985] Matthew Mason and Kenneth Salisbury, Robot Hands and the
Mechanics of Manipulation, The MIT Press, Cambridge, Massachusetts, 1985.

[Michelman and Allen, 1994] Paul Michelman and P. Allen, “Forming complex dextrous
manipulations from task primitives,” in Proceedings of the 1994 IEEE International

Conference on Robotics and Automation, 1994.

[Michelman and Allen, 1993} Paul Michelman and Peter Allen, “Complaint Manipulation
with a Dexterous Robot Hand,” in Proceedings of the 1993 IEEE International Confer-
ence on Robotics and Automation, pages 711-716, 1993.

[Murray et al., 1994] Richard M. Murray, Zexiang Li, and S. Shankar Sastry, A Mathe-
matical Introduction to Robotic Manipulation, CRC Press, Inc., Boca Raton, Florida,
1994.

[Nelson et al., 1995] Randal C. Nelson, Martin Jégersand, and Olac Fuentes, “Virtual
Tools: A Framework for Simplifying Sensory-Motor Control in Complex Robotic Sys-
tems,” Technical Report 576, Computer Science Department, University of Rochester,
Rochester, New York, March 1995.

[Okada, 1982] Tokuji Okada, “Computer Control of Multijointed Finger System for Precise
Object-Handling,” IEEE Transactions on Systems, Man, and Cybernetics, 12(3), 1982.

[Salisbury, 1982] Kenneth Salisbury, Kinematic and Force Analysis of Articulated Hands,
PhD thesis, Stanford University., Department of Mechanical Engineering, Stanford, Cal-

ifornia, 1982.

[Salisbury et al., 1989] Kenneth Salisbury, David Brock, and Patrick O’Donnéll, “Using an
Articulated Hand to Manipulate Objects,” in Michael Brady, editor, Robotics Science.
MIT Press, 1989.

12



[Speeter, 1991] Thomas H. Speeter, “Primitive Based Control of the Utah/MIT Dextrous
Hand,” in Proceedings of the IEEE International Conference on Robotics and Automa-
tion, pages 866-877, Sacramento, California, 1991.

13




